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ABSTRACT
This thesis investigates the effects of the large near-field intensity enhance-ments from periodic arrays of gold bowtie nano-antennas (BNAs) after il-lumination by laser light. Specifically, we focus on laser-induced dam-age, nonlinear optical emission, and a proof-of-concept for utilizing arraysof gold BNAs to enhance the forces in an optical trapping system. FromFDTD simulations, the optical response of a single BNA is demonstratedto increase the local intensity by a factor of 103 in the feed-gap regionby using a periodic array. Because of the high near-field intensities, in-herently weak nonlinear optical processes become enhanced, and we takeadvantage of these favorable conditions to investigate the dependence ofsecond-harmonic generation and two-photon photoluminescence emissionintensities with respect to the array periodicity and the incident polar-ization. A detrimental side-effect of the efficient radiative coupling to theincident light and high near-field intensities is laser-induced damage whichmay alter the morphology of the BNA structures at sufficiently high laserfluences. A damage threshold is systematically determined in terms of ir-radiation time and average incident power after implementation of damagereduction measures including laser pulse-width optimization, a stochasticbeam-scanning pattern, and the use of a chromium adhesion layer. Finally,the increased optical forces in a trapping system resulting from the fieldenhancement of arrays of BNAs is demonstrated. In addition, based on theexclusive behaviors of these types of systems, a new method of character-izing plasmonically enhanced optical traps is proposed.
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Chapter 1
Introduction
1.1 Background & Motivation
Research on the interaction of light with metal nanoparticles has becomeincreasingly important due to their wide range of application, potential foruse in novel optoelectronic devices, and their readily realizable benefits.The fundamental phenomena of metal nanoparticles that has held the in-terest of researchers is the surface plasmon (SP) polariton, which for metalnanoparticles with size dimensions on the order of the incident wavelength,can interact strongly with the incident light. This strong interaction can alsoresult in a spatial redistribution of the incident light on a sub-wavelengthscale, and it is how the light is distributed that makes these optical nano-antennas the subject of numerous studies.Over the past decade, many advancements on the characterization of theplasmon resonance in nano-antennas have been made in an effort to achievehigher coupling efficiencies with the incident light. These advancementshave gone hand-in-hand with the breakthroughs in nanofabrication, which
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has enabled the creation of nano-scale objects of nearly any size, shape,and composition. This has spawned an entire class of novel geometries in-cluding nano-spirals,1 nano-stars,2 nano-bouquets,3 and nano-sunglasses.4Because of this flexibility in fabrication, many of the characteristics of nano-antennas that promote strong coupling and sub-wavelength light confine-ment have been identified. Structures with geometric singularities such assharp tips or corners have been shown to exhibit localized field confine-ment and enhancement of the applied field.5–7 Another method is the useof dimer structures, where particles are in close proximity (< λ), which al-lows interaction between individual SP modes of the two structures andresults in further increases of the field enhancement and confinement.7–14An extension of this is arrays of nanoparticles which show strong long-range interactions that may considerably increase the near-field intensityenhancements of an individual nanoparticle within the array.9,15–18One of the more promising geometries with large field enhancementsis the bowtie geometry, where two triangular nanostructures are placedtip-to-tip. They have been widely studied for their favorable optical prop-erties7,10,11,19 and ability to manipulate light on a sub-wavelength scale.13,20They have been proposed for use in photonic circuits,21 super-resolutionoptics,22–25 and tunable nano-scale emitters.26–31 The nonlinear optical re-sponse of gold nanostructures has shown to be useful in fundamental studiesof their electronic structure,32–38 which is the source of their favorable opticalproperties.The work presented in this thesis investigates the combined use of sharp-tip geometries, coupled-plasmon nanoparticle-pairs, and periodic arrays,
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and studies the associated effects of the resulting near-field intensity en-hancement and confinement.
1.2 Thesis Organization
In this thesis, the unique phenomena resulting from large near-field en-hancements in arrays of gold bowtie nano-antennas after illumination bylaser light are explored. The remainder of this chapter elaborates upon thelinear optical properties of arrays of gold BNAs. The theoretical ground-work for optimizing the field enhancement and confinement using sharp-tipgeometries and periodic arrays are established through the use of FDTDsimulations. Also, details of the fabrication are presented along with adescription of the advanced microscopy platform.In Chapter 2, the laser-induced damage is described within the contextof a few notable studies from literature. Several damage reduction mea-sures are introduced, and afterwards, a damage threshold is systematicallydetermined. The particular behavior of the laser-induced shape changesobserved for the BNAs are also discussed.Chapter 3 describes a spectroscopic characterization of the nonlinearoptical emission from arrays of gold BNAs using pulsed-laser illumination.In addition to second-harmonic generation (SHG) and two-photon photolu-minescence (TPPL), typical of gold nanostructures, an analysis of the emis-sion reveals a continuum generation that cannot be attributed to a singlemultiphoton process. A discussion on the mechanisms of SHG and TPPLare presented with an emphasis on identifying their relationship with thenear-field enhancement.
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Validation of a proof-of-concept for an optical trapping application whichexploits the large near-field enhancements of arrays of gold BNAs is shownin Chapter 4. Utilizing the increased optical forces provided by the BNAs,complete manipulation of both single particles and clusters of multiple par-ticles are demonstrated. The various behaviors of an unstable trap in thisplasmonically-enhanced system, not seen in conventional optical tweezers,inspired us to describe a new term, “trampolining,” which forms the basis ofa new method of characterizing future novel optical trapping systems basedon plasmonic nanostructures.
1.3 Linear Optical Properties
Studies in the past few years have investigated the dependence of thefield enhancement, field confinement, and optical resonances on variousparameters of the geometry of the BNA including gap size,7,19,20,23,29,32,39antenna size,7,29,32,39 and radius of curvature of the tip.7,29 For the resonanceposition, in general, increasing the gap size results in a blue-shift of theresonance peak for a given antenna size, and increasing the antenna sizeresults in a red-shift of the resonance peak for a given gap size. The fieldenhancement has a more complex dependence on antenna size and gap sizefor a given material. In gold nano-dimers, for example, decreasing the gapsize results in more of an increase in the field enhancement than increasingthe antenna length. Optimizing each of these parameters is an iterativeprocess for engineering the field enhancement and optical resonances whendesigning a nanostructure for a particular application.Figure 1.1 shows FDTD simulation results of the dependence of the
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Figure 1.1: FDTD simulations showing dependence on gap size for resonant excitationin (a) and nonresonant excitation in (b). FDTD simulations of dependence of field en-hancement on array spacing for resonant excitation in (c) and nonresonant excitation in(d).
resonance position on the gap size of a BNA. For resonant excitation, adecrease in the gap size results in a red-shift of the resonance peak whichis expected.7,19,20,23,29,32,39 However, this red-shift is also associated witha decrease in field enhancement which is known to be attributed to theoverall antenna size.7 The inset of Fig. 1.1a shows the field enhancementintensity distribution for a BNA under resonant excitation, where the fieldenhancement is confined in the gap region and the outer edges of the BNA.The inset of Fig. 1.1b shows a similar distribution for nonresonant excitation
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where the field enhancement is confined to the outer corners of the BNAwith very little field in the gap region. This is indicative of a lack of couplingbetween the two arms of the BNA and contributes to the relative insensi-tivity of the field enhancement to a change in the gap size in Fig. 1.1b fornonresonant excitation.Recently, increasing the field enhancement in nano-disks and nano-spheres have been investigated by arranging them into periodic arrays.9,15–18Generally, the increase in the field enhancement from arrays of nanostruc-tures can be discussed in the context of the coupled dipole approximation(CDA). The electric polarizability, α , is the tendency of a charge distribu-tion to be polarized into an electric dipole with moment, p, related to theelectric field, E, by p = αE. This is related to the overall extinction, σext , bythe optical theorem, σext = kIm(α), where k is the magnitude of the wavevector. The electric polarizability for a single nano-scale particle, in theelectrostatic approximation, is defined as
αstatic ∝ V εm − εd3εm + 3χ(εm − εd) (1.1)
where εm and εd are the relative permittivities of the material and surround-ing medium, respectively, V is the volume of the particle,and χ is a shapefactor.In an array of nanostructures, assume one particle, or dipole, is excited.This dipole will reradiate a scattered field proportional to its dipole moment.Then, the net field on an adjacent particle will be equal to the incident fieldplus to the radiation from other dipoles. This leads to a system of coupled
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equations, which when solved self-consistently for an infinite array, theelectric polarizability for an indistinguishable particle within the array, α∗,is α∗ = 1( 1α )− S (1.2)where α is the single particle polarizability and S is a geometric arrange-ment parameter described by
S = ∑dipoleseikr
[ (1− ikr)(3cos2θ − 1)r3 + k2sin2θr
] (1.3)
where θ is the in-plane angle between dipole locations.In this semi-analytical approach of the CDA, S is defined only by thearrangement of the particles. While the definition of S is known, it is diffi-cult to optimize as a function of the particle arrangement for increasing thefield enhancement because of singularities in the function due to the contri-butions of the individual resonance modes of the particles. However, whenthe particles are arranged appropriately, strong long-range interaction orcoupling occurs in the array, which results in a higher quality resonanceand increased field enhancement.15–17Figures 1.1c and 1.1d show FDTD simulation results of the dependenceof field enhancement on the array periodicity or spacing for resonant andnonresonant excitation. As expected, resonant excitation in Fig. 1.1c showshigher field enhancement than the nonresonant case in 1.1d. The field en-hancement for the nonresonant case in Figs. 1.1d shows two local maximafor 525 nm x 525 nm and 575 nm x 575 nm spacings. These two maximacorrespond to the individual BNA resonance (λ ∼ 700 nm) and the array
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Figure 1.2: Experimentally observed dependence of resonance peak position on arrayspacing from extinction measurements in (a). FDTD simulation of the dependence of reso-nance position on the triangle resonance in (b).
resonance (λ ∼ 800 nm). For the arrays of BNAs shown here, the indi-vidual BNA resonance remains unchanged because the antenna size andgap width is held constant while varying the array periodicity. When thearray periodicity is chosen such that its resonance is near the individualBNA resonance, the result is a dramatic increase in the field enhancement.Figure 1.2a shows the experimentally observed peak position of the res-onance as the array spacing is increased. This is a different representationof the plots in Figs. 1.1c and 1.1d, where a red-shift of the resonance isassociated with an increase in the array spacing. As the array spacing isincreased, the BNAs in the array essentially become isolated and the res-onance position will be that of an isolated BNA. Similarly, as the antennalength is increased, the general linear trend is a red-shift in the resonanceposition. Figure 1.2b shows FDTD simulation results of the dependence of
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antenna length (triangle altitude) on the resonance position for a BNA ofa given gap size. However, this trend is expected to break down for longerantenna lengths due to the presence of multiple resonances.7
1.4 Fabrication
Fabrication of the bowtie nanoantennas was done at the University of Illi-nois at Urbana-Champaign with the help of Dr. Anil Kumar, from Profes-sor Fang’s group (ECE department), and Edmond K.C. Chow, staff memberat Micro-Nano Technology Laboratory (MNTL). Fabrication of the bowtienanoantennas was done using electron beam lithography and electron beamevaporation.40 First, a polished float glass substrate (CEC080P, PraezisionsGlas & Optik GmbH, Germany), 25 mm x 25 mm x 0.4 mm in size (width xlength x thickness) with a 25-nm thick, manufacturer-applied ITO-coating,is cleaned by ultrasonic agitation in an acetone bath for 5 minutes andbaked at 200◦C for 2 minutes. The sample is subsequently spin-coated at2000 RPM for 60 sec with PMMA resist (2% solution of 95k mol. Wt. inanisoline, from MicroChem Corp.) to a thickness of ∼90 nm and baked againat 200◦C for 2 minutes. An electron beam lithography machine is used topattern the resist (20 nA current) which is then developed in a 3:1 solutionof IPA:MIBK with ultrasonic agitation for 3 minutes. After developing thesample, electron-beam evaporation (Temescal FC-1800 at MRL) is used todeposit a 3-nm thick Cr or Ti adhesion layer and 50-nm thick layer of Auat pressures of ∼5 microTorr. In the last step, lift-off is done in an acetonebath with ultrasonic agitation for 3 minutes.Figure 1.4 shows the relative layout of the arrays of BNAs on the sub-
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Figure 1.3: Dimensions of the arrays of BNAs are shown in (a) where x- and y- correspondto the array spacing in those directions. SEM image of the fabricated arrays in (b).
strate. Arrays of BNAs, 80 µm x 80 µm in size, are fabricated in up tofourteen columns of four rows each with an 80 µm separation between eacharray. Each of the columns of arrays have various x- and y- center-to-centerspacings, shown in Fig. 1.3, which are 425 x 425, 475 x 475, 500 x 500, 525x 525, 575 x 575, 1000 x 1000, 1000 x 500, 500 x 1000, 500 x 500c, anda 25-micron patch, with each of the four rows being identical. Nominaldimensions for the two equilateral triangles comprising a single BNA are120-nm side lengths and a 20-nm gap, and are also shown in Fig. 1.3. SEMimages show the radius of curvature of the tips to be ∼15 nm. Two crosses,composed of two long strips 1-mm long by 5-µm wide, are used for findingthe structures in the microscope, and are placed at least 80 µm from anygiven array. The arrays are also numbered sequentially for identification.The numbers are 6-µm tall by 5-µm wide and are placed 40 µm above the
10
Figure 1.4: A diagram illustrating the layout of the arrays of gold BNAs on the substrate.Array spacings are reproduced identically for each column of four dies and are identifiedby sequential numbering placed ∼ 40 µm above the column of each die.
array.
1.5 Advanced Microscopy Platform
The custom-built advanced microscopy platform (AMP) is the primary toolused in the following experiments. It consists of an Olympus BX51 micro-scope mounted directly above the base of an Olympus IX81 microscope afloating optical table. The essential components in the AMP are shown inFig. 1.5.An optical train consisting of lenses and dielectric mirrors couples theoutput of an ultrafast, wavelength-tunable Ti:Sapphire laser (SpectraPhysicsMaiTai with DeepSee, 80-MHz repetition rate, 100-fs pulse width) to the
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Figure 1.5: A schematic of the Advanced Microscopy Platform (AMP) used for allexperiments. The main components of the AMP are an ultrafast Ti:Sapphire laser, agalvanometer-based scanner, a microscope (outlined in gray), and an EMCCD for imagingor spectrometer for spectral measurements (outlined in blue).
IX81 microscope. A motorized filter wheel in the IX81 contains a 45-degree,670 nm, short-pass dichroic mirror (Semrock FF670-SDi01-25x36) and a680-nm short-pass filter (Semrock FF01-680/SP-25) for illumination of thesample and rejecting the fundamental wavelength of the laser. A linearpolarizer (Edmund Optics, Glan-Thompson) and half-wave plate (Thorlabs)combination allows the incident power to be varied without altering thepolarization direction. Incident power is measured at the entrance of the
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microscope and reaches a maximum average power of 75 mW.For imaging, an electron-multiplying charge coupled device (EMCCD)from Hamamatsu (C9100-3) is used in either reflection or transmission ge-ometries. The EMCCD is vital for controlling the Z-position of the objectivesince a small change in the focal plane will affect both the illumination ofthe nanostructures and the collection of the emission. Used in conjunctionwith a built-in software-based auto-focus routine in IPLab, the Z-positionof the objective is varied +/- 1 µm in 100-nm increments (21 steps total)with the internal motorized focus drive function of the microscope to identifythe Z-position which produces the highest contrast image. This auto-focusroutine is done two to three times prior to data collection to ensure properfocusing and collection of the objective. The objective used is a 100x fully-corrected, oil-immersion objective with an NA of 1.4 (Olympus UPLSAPO100XO). A galvanometer-based scanner is used to scan the incident beamin a suitable manner.
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Chapter 2
Laser-Induced Damage
2.1 Overview
Since the demonstration of the first laser device in the 1960s, scientists haveacknowledged the destructive power of lasers.41–43 Their ablative naturehas been exploited for many useful applications in industry where lasersare now commonly used for material processing,44 micromachining,45 andeven surgical procedures.46 Despite this wealth of knowledge, the mecha-nisms of laser-induced damage (LID) in nanostructures are not yet widelyunderstood, especially at high optical energies.47,48 In nanostructures, LIDis a broad term used to describe either structural damage in the form ofshape changes or optical damage in terms of irreversible changes of opti-cal properties. Investigations of LID in nanostructures in the past were metwith complications due to the limited feature-sizes of fabrication techniquesand control of the environment to verify theoretical models. However, re-cent advancements in nano-fabrication have enabled more detailed studiesof LID on the nano-scale to overcome experimental obstacles of the past
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to achieve a better understanding of the fundamental mechanisms involved.These studies have become especially relevant for the undeveloped, yetpromising use of nanostructures in photonic devices, where the demand formaximum output of a device is easily supplied by an increase in input laserpower which may ultimately degrade or damage the materials involved.In the following study of the nonlinear optical emission of arrays of goldBNAs (see Chapter 3), high laser fluences (radiant exposure) are used to in-crease the signal-to-noise ratio (SNR) of measurements, thereby increasingthe likelihood of LID to occur. In fact, experiments prior to any considerationof LID, have shown that a high-SNR measurement of the nonlinear emissionused incident intensities and exposure times that could completely destroythe sample. Because the intensity of the nonlinear optical emission is verysensitive to the field enhancement, and therefore the particle geometry (seeSection 1.3), the primary interest of this chapter is to investigate methods ofminimizing or eliminating LID, while maintaining a high-SNR measurementof the emission, if possible. In addition, the arrays of gold BNAs may rep-resent an entirely different nano-scale system than those that have beenpreviously used for LID studies. Thus, we have taken the approach of ex-perimentally determining the LID threshold as a function of incident powerand exposure time exclusively for our experimental system.In this chapter, the unique behavior of LID for arrays of gold BNAs andthe efforts to minimize the detrimental effects are discussed. Because themechanisms of LID at the nano-scale are not yet completely understood, afew notable results of LID studies from literature are presented to furtherdefine the context of this work. The proposed theories consistently identify
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the laser pulse fluence, the pulse duration, the wavelength-dependent ab-sorption, and size, shape, and composition of the nanoparticle as fundamen-tal properties. Using one of the proposed phenomenological thermodynamicmodels, the temperature of BNAs in our experimental setup is estimated.Finally, based on the hypothesized heating mechanisms, the results of LIDreduction measures are discussed and a damage threshold is defined.
2.2 Identification in Arrays of BNAs
For the purpose of reducing laser-induced shape changes of the BNAs anddetermining a damage threshold, high-resolution SEM images, brightfieldtransmission images, and the nonlinear emission spectrum were used tomake observations for identifying damage. Damage is identified by com-paring observations before and after pulsed-laser exposure (from MaiTai).Any change or deviation of the post-irradiation observation from the pre-irradiation observation are qualified as damage.Identifying damage is a binary, yes or no, decision and all measures ofthe degree of damage are made qualitatively, e.g., slight damage, severedamage. Because of the unique behavior of the post-irradiation shapes inthese experiments, defining a universal metric for quantifying the degreeof damage is difficult. However, when comparing two observations showingdamage, it is often adequate to describe qualitatively the amount of dam-age solely by visual inspection since the sole priority is determining thepresence of damage.The use of SEM images is valuable for this work due to its high resolutionand large depth of field. Another advantage for using the BNAs in the SEM
16
Figure 2.1: SEM images of a portion of exposed arrays. (a) shows unexposed bowtieswhere x- and y- denote the spacings of the horizontal and vertical periodicity; (b) destroyedbowties after 30 minutes of uncompensated 58 mW; bowties after GVD-compensated irra-diation for 7 minutes at (c) 30 mW and (d) 50 mW. Taken by Anil Kumar, ECE Dept.
is that they are fabricated on a conductive ITO-coated substrate which iseasily grounded in the SEM. This allows the sample to be placed in the SEMwithout any prior sample preparation. Figure 2.1a shows an SEM imageof BNAs pre-irradiation and Figs. 2.1b-d show post-irradiation at severalincident powers and times. The shape of the structures in Figs. 2.1b-d haveclearly changed from the original BNA shape (Fig. 2.1a).Large changes in the shape, like those in Figs. 2.1b and 2.1d, can alsobe seen in the microscope. A set of bright-field transmission images are
17
Figure 2.2: Brightfield transmission microscope images after a series of damage testswere performed: (a) high power; (b) low power.
shown in Fig. 2.2, where the well-defined square-shaped regions are thosewhich have been exposed. In Fig. 2.2a, two patches have been heavilydamaged and show different image characteristics than the patches in 2.2bwhich were not irradiated at such high fluences. The degree of structuraldeformation in Fig. 2.2a is similar in nature to Fig. 2.1b, and Fig. 2.2b issimilar in nature to Figs. 2.1c and 2.1d.In addition to the imaging-based techniques, the nonlinear emissionspectrum can also be used to identify structural changes. It is the onlyone of these methods that can identify optical damage independent of astructural change and monitor any intermediate states prior to the finalstate of damage. Because of the strong dependence of the nonlinear pro-cesses on the geometry of the BNAs, a change in the spectrum can indicatea change in the geometry. Figure 2.3 shows sets of two spectra takenbefore (solid/upper curve) and after (dotted/lower curve) 7 minutes of expo-sure to 30 mW of incident power. The SEM image in Fig. 2.1c was takenfrom the same region of the sample as the spectrum, which verifies that a
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Figure 2.3: Nonlinear optical emission spectra of arrays of BNAs before (solid/uppercurve) and after (dotted/lower curve) 7 minutes of exposure at 30 mW.
structural change has taken place. However, due to the complexity of thenonlinear optical response in these nano-scale structures and without fur-ther investigation, we must be careful in the assumption that the changein the nonlinear emission spectrum is due only to the structural change. Itis known that the plasmonic response in gold can be suppressed, but thisbleaching effect is recovered in less than 10 ps.48 Nevertheless, we havenot observed a change in the nonlinear emission spectrum in the completeabsence of a structural change in post-irradiation SEM images.
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2.3 Damage Mechanisms in Nanoparticles
The sequence of events leading to damage upon pulsed-laser exposure isquite straightforward. When a metal nanoparticle (NP) is exposed to laserlight, the energy is absorbed by conduction-band electrons and acts to heatthe NP through electron-phonon coupling and scattering which results inan increase in temperature. At high optical powers, the ensuing temper-ature increase can cause melting or vaporization of the NP. At very highoptical powers, complete photoionization without melting has been shownto occur.48In contrast to the melting of macroscopic shapes of bulk materials, thedependence of size on the melting temperature is much more prominenton the nano-scale. Specifically, the reduction of melting temperature witha reduction in size, also known as melting point depression (MPD),49 cangreatly affect the expected behavior of a nanoparticle subject to high tem-peratures. Several theoretical models based on both surface chemistry andclassical thermodynamics have been used to explain this unique phenom-ena, however, researchers frequently observe differing results for the meltingtemperatures of nanoparticles of a given material that cannot be explainedwithin the construct of a single model. Several phenomenological thermo-dynamic theories even predict that particles below a certain size should bemelted at all temperatures.50Metals are unique in that they can absorb many photons compared toother materials. In addition, the heat capacity of electrons in metals istwo to three orders of magnitude smaller than that of the lattice,51 which
20
Figure 2.4: Non-equilibrium electronand lattice(phonon) temperatures in thepicosecond domain for a fluence of 1.34mJ× cm−2 in 2.4(a) and 50.54 mJ× cm−2in 2.4(b). From Ref. 52
Figure 2.5: Optical extinction spec-tra of a suspension of gold nanorods(solid), spheres (long dash), and silica-gold shells (short dash). The damagethreshold was found to be 5-7 timeslower at 532 nm than at 750 nm. FromRef. 47
can lead to very large differences in the temperature of the two as seen inFig. 2.4 (from numerical simulation52). The electrons equilibrate with thelattice through electron-phonon scattering and generally occurs within afew picoseconds for gold NPs.48,51,53 Within a few hundreds of picoseconds,energy dissipation from the lattice to its surroundings occurs.51The temperature increase in metal NPs is directly related to the ir-radiated laser fluence (J× cm−2), the absorption coefficient at the pumpwavelength, and the pulse width.54 While the laser fluence and pulse widthcan be accurately determined and controlled, the absorption properties ofthe NP may not be.To investigate the transient absorption properties of irradiated NPs forfluences that do not induce photoionization, a commonly used technique isthe pump-probe method.55 Typically, a pump laser is used to excite the NPand a probe laser at a different wavelength is used to monitor the opticalproperties, usually absorption, of the excitation volume at a certain delay.The idea is that the response of the electronic structure, induced by the
21
Figure 2.6: Measured transientchanges in real (solid line) and imaginary(dotted) parts of the dielectric functionfor a 25-nm-thick Au film. From Ref. 38.
Figure 2.7: Time-resolved change inabsorbance spectra recorded following20-ps laser pulse centered at 355 nm of0.12mM Au colloidal suspension. FromRef. 56.
pump and measured by the probe, is directly related to the absorption.Figure 2.7 shows how the change in absorbance spectra of a 0.12 mMgold colloidal suspension changes relative to its unexcited state for a 20-pspulse centered at 355 nm. It should be noted that the absorbance of goldNPs at 355 nm is mostly independent of shape and size.54 The change inthe absorbance is related to the perturbation of the electron distributionnear the Fermi level due to heating which subsequently affects the realand imaginary parts of the dielectric constant near the interband and in-traband transition wavelengths.57 At pump wavelengths that do not excitethe collective oscillation of the plasmon band, the pump effectively excitesindividual electrons which quickly equilibrate with the entire distribution(in a few femtoseconds) by electron-electron scattering processes causing abroadening of the plasmon band and a resulting decrease in the maximumabsorption.58 As electron-phonon scattering processes set in and the sys-tem reaches temperature equilibrium, the optical properties return to the
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unperturbed state.However, if the optical energies involved are large enough, shape changesdue to melting may occur. In the case of gold nanorods, the pump-probemethod has been applied spectroscopically by Link et al. to measure the av-erage optical extinction, which indirectly monitors a laser-induced nanorod-to-nanosphere shape change, and arrive at a melting threshold energy.55 Byvarying the fluence and assuming a constant absorption during the pulseduration, it was found that an average of 60 fJ is required to melt a singlenanorod. Furthermore, it was found that the energy required to convertnanorods to nanospheres, corrected for the wavelength-dependent absorp-tion coefficient, was independent of wavelength. This suggests that oncethe energy is absorbed, the method of delivery is irrelevant. This led to aderivation of the melting threshold energy of the nanorod, ENR ,
ENR = Cp ×m× ∆T +m× ∆Hmelt (2.1)
where ∆T is the temperature difference in Kelvin between room tempera-ture (293 K) and the bulk melting temperature (1340 K), Cp is the phase-independent specific heat (0.131 J · g−1 · K−1), m is the mass of the nanorodusing a bulk fcc-gold density (1.9297× 10−20g · nm−3), and ∆Hmelt is theheat of melting (62.8 J · g−1); which has been shown to compare reasonablywell with the experimentally determined values of melting threshold en-ergy (ENR ) for gold nanorods in solution.55 The amount of error associated(roughly 50%) with eqn. (2.1) is due to ENR being the value at which allNPs in the excitation volume are changed to spheres (rather than a single
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NP), estimation of the excitation spot size, and the variations in sizes of theindividual NPs.If the laser pulse is much shorter than the characteristic time for heatdissipation to the environment, such as the 100-fs pulses in the BNA exper-iments, Takami et al.53 has suggested a similar thermodynamic analysis toestimate the temperature of laser-heated NPs. If the laser energy absorbedby the gold particles per unit mass, per pulse is
Q = PRM (2.2)
where P is the average incident power, R is the repetition rate, and M is themass of the NP, then the temperature of the gold particle can be estimatedas T = Q − ∆Hmelt − ∆HvapCp + 293 (2.3)
T = Q − ∆HmeltCp + 293 (2.4)
where ∆Hvap is the heat of vaporization (1870 J · g−1), and eqn. (2.3) is usedif the temperature is above the boiling point (Tboil = 3130 K) and eqn. (2.4)if it is above the melting point (Tmelt = 1340 K). Being above the boilingpoint (or melting point) means that the NP has absorbed enough energyto be vaporized (or melted), resulting in a size reduction (or shape change),therefore these values represent an upper limit estimate of the lattice tem-perature if the associated phase changes have occurred.In their study with 7-ns pulses it was found that if the estimated temper-
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ature is lower than the melting point, no shape or size change is observed.For temperatures between melting and boiling point, only shape change isobserved. At the boiling point, size reduction occurs and the diameter ofthe resulting particle is dependent on average incident power. Above theboiling point, the NP diameter reaches a minimum and remains constantregardless of the estimated temperature. In a separate study using thesame type of analysis, the authors of Ref. 59 suggest that these estimationsshould be only used in the femtosecond regime as studies of ablation of bulkmetal thin films have shown that plasmon bleaching eventually transformsthe material into a transparent state with a high index of refraction withinthe first nanosecond after excitation.Investigations by Inasawa et al. considered the liquid skin melting (LSM)mechanism to explain the sub-melting point shape changes they observedin determining the melting threshold energy.54 In LSM, a liquid skin offinite thickness forms over a solid core, and at the melting temperature, thesolid core instantaneously changes into a liquid. If LSM is present duringa laser-induced shape change, the threshold energy would be much loweras it does not require the entire volume to melt. Using 30-ps pulses andmeasuring the mean aspect ratio of gold nanorods with various fluences,they determined that the threshold energy required for shape change is 16fJ, suggesting that LSM is present.At laser fluences capable of photoionization and vaporization of material,the structural and optical damage is readily apparent. It was shown by Linket al.59 that ablation of gold nanorods is not correlated with the fact thatthe boiling point was reached, but this conclusion may be due to suppres-
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sion of vaporization in a solvent. In studies of bulk metal thin films in air,ablated material is prone to redeposition.60 It was also demonstrated thata 100x reduction in laser fluence is needed to induce ablation when usingfemtosecond pulses compared to nanosecond pulses and can be attributedto the NP dissipating heat to the environment during the excitation, for thecase of nanosecond pulses.Furthermore, the resulting gold nanodots (from nanorods) induced byfemtosecond pulses (at 10.2 J cm−2) appeared to have more jagged surfacescompared to the smooth spherical shapes from nanosecond pulses. Thisobservation is indicative of photoionization and implies that a different LIDmechanism is responsible for photoionization since material ejection canoccur with or without melting at sufficiently high fluences.Hleb et al. has developed a method of imaging and measuring the subse-quent bubble/vapor generation of the surrounding media after NPs are su-perheated by exposure to high laser fluences.47 They used two 10-ns pumppulses at 532-nm or 750-nm at delays of 20-ns or 150-ns and measured thebubble characteristics. The bubble diameter and lifetime is known to be lin-early proportional to the amount of thermal energy released.47 It was foundthat the damage threshold, defined as the laser fluence that caused changesin size, shape, or structure of 50% of the population of nanorods, was 5-7times lower at wavelengths of 532 nm than at 750 nm, which seems counter-intuitive due to their absorbance spectrum (see Fig. 2.5). This is explainedby the bleaching effect of the plasmon band effectively causing a “saturationpoint” where no more photons may be absorbed. For two 750-nm pulses10-60 times the experimentally determined damage threshold fluence, the
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gold nanorods showed nearly identical bubble generation response fromthe two pulses even at a delay of 150-ns. As the fluence increased to 100times the damage threshold, the nanorods gave a decreased bubble gen-eration response at 150-ns but at 20-ns there was no change. Becausegold nanospheres have low absorbance at 750-nm (see Fig. 2.5), this im-plies that the longitudinal plasmon response of the nanorods are maintainedfor atleast 20-ns at fluences 100 times above the damage threshold. Thisis contradictory to the other experimental results mentioned above whererod-to-sphere shape change is on the order of tens of picoseconds and thuswould not be able to absorb a second pulse at the nanorod absorptionpeak. Although their study is focused on photothermal energy conversionby NPs, it does provide insight to the mechanisms of LID, especially for theplasmonically-enhanced trapping studies presented in Chapter 4.
2.3.1 Effects of LID in BNAs
The previous discussion on experiments from literature aim to elucidate thefundamental physics behind LID by investigating ideal shapes such as rodsand spheres. While the electron dynamics and principles of optical absorp-tion remain the same, the effects of LID in arrays of gold BNAs are not assimple as ellipsoidal shape changes due to the complexity of our system.Here, we use ordered arrays of identical nanostructures with a well-definedshape in air, compared to a population of nanorods of various sizes, ran-domly oriented in an aqueous solution. The arrays of BNAs represent adifferent plasmonic system than nanorods in solution where the field en-hancement and near-field confinement of BNAs are even more sensitive to
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Figure 2.8: Damage comparison of 2-nm thick alumina-coated BNAs (525 x 525 nm) onCr adhesion layer for (a) resonant, and (b) non-resonant incident polarization with 50 mWaverage incident power at 10 minutes with GVD-compensated beam. SEM images takenby Anil Kumar, ECE Department.
the morphology of the nanostructure. In addition, the use of a high-NA,oil-immersion objective focuses the laser beam much more tightly leadingto much higher effective fluences and power densities. As a result, the effectof LID in arrays of BNAs are quite different, in particular the behavior ofthe shape change, ablation, and final post-irradiation shape.Another important feature of the damage mechanisms in arrays of BNAsis the unique dependence on incident polarization. From the FDTD simu-lations in Section 1.3, the field enhancement for nonresonant excitation islower than for the resonant case and confined to the outer edges of the BNArather than in the gap region. The effect of this polarization dependencemanifests itself in the shape of the final deformation and a higher damagethreshold. Figure 2.8 shows the final state of the sample, with a 2-nm thickalumina coating on Cr adhesion layer, after 50 mW at 10 minutes for res-onant (2.8a) and non-resonant (2.8b) incident polarizations. Interestingly,when the excitation is resonant, the two triangles appear to merge together
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Figure 2.9: SEM images of damage tests done with a stationary beam, pre-GVD com-pensation: (a) wide view of damage spots, (b) 10 minutes at 23 mW, (c) 30 minutes at 23mW, (d) 10 minutes at 48 mW , (e) 30 minutes at 48 mW, and (f) 5 minutes at 100 mW for525 x 525 nm spacing and Ti adhesion layer.
while for nonresonant excitation the triangles spread apart.Figure 2.9 shows SEM images of an array where damage tests wereperformed with a stationary beam. The beam, prior to GVD-compensation, isfocused using a 100x, oil-immersion, NA = 1.4 objective and the Ti adhesionlayer sample is irradiated with incident powers of 23 mW for 10 and 30minutes (in Figs. 2.9b and 2.9c), 48 mW for 10 and 30 minutes (in Fig. 2.9dand 2.9e), and 100 mW for 5 minutes (in Fig. 2.9f). There are severalimportant things to note from these images.In Fig. 2.9a, the radius of the circular area affected by the laser is severaltimes larger than the estimated spot size of ∼ 400 nm (λ/2) for a diffraction-limited system, and increases with incident power. Also, considering thatthe damage radius is relatively circular, the circular shape of the illuminat-ing spot and coupling of adjacent BNAs both come into play. This implies
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that although only 1 - 2 BNAs are illuminated, adjacent BNAs are stillaffected by the laser, which is expected from the array effect (see 1.3).When increasing the irradiation time from 10 minutes to 30 minutes for23 mW and 48 mW in Figs. 2.9b - 2.9e, the degree of deformation seen inthe images are arguably the same or more for both irradiation times. Thisfollows the results of Section 2.3, where shape changes are shown to oc-cur after the first pulse, and a bleaching effect that reduces the amount ofincident photons absorbed. However, the most striking result of the station-ary beam damage tests is that in each combination of irradiation time andincident power, the samples irradiated with a stationary beam show con-siderably less damage than equivalent samples irradiated with a scanningbeam. For example, Fig. 2.1b shows near complete destruction of the BNAsafter 30 minutes at 58 mW, and the SEM images in Fig. 2.8 show much moredeformation than Fig. 2.9d after 10 minutes at 50 mW.While not completely inconceivable, it is unlikely that the damage seenin Fig. 2.1b occurred instantaneously after a single pulse from the laser. Areasonable explanation for the higher degrees of deformation in the scannedsamples is that this behavior is due to the dynamic nature of the system. Asa region of the sample is scanned over time, it is unlikely that the beam willbe rescanned at the exact same position or that the beam will be evenlyilluminating BNAs at all times during the scan. Considering that the per-centage of area occupied by the BNAs is roughly 10% for the densest array,the probability that the beam is partially illuminating a BNA or is cen-tered on deformations or redepositions of ablated material is high. The endresult is more deformation compared to the relatively steady-state station-
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ary beam system. This also indicates that damage is dependent on bothirradiation time as well as incident power.Also worth noting, is that the lower triangles in the middle row of Fig. 2.9fshow large shape changes compared with the upper triangle of the sameBNA. The occurrence of the predominant shape change in the lower trian-gles is unclear. In addition, when using a long-working distance, 40x, NA =0.6, air objective, the damage threshold is much lower, and damage is seenfor average incident powers of 5 mW (not shown here). Whether this is dueto the array effect or a larger spot size is unclear.This discussion of BNA damage mechanisms indicates that some dam-age threshold, in terms of irradiation time and incident power, should existwhich results in negligible laser-induced shape change of the original BNAgeometry.
2.3.2 BNA Temperature Analysis
To estimate the temperature for the arrays of BNAs, the method of analysisdescribed in Section 2.3 is used. For the case of the BNAs, a 100-fs pulsedlaser with a repetition rate of 80 MHz at λ = 780 nm is used in conjunctionwith a 100x, NA = 1.4 fully-corrected objective. Therefore, the assumptionthat particle-environment heat dissipation is negligible during the pulse isvalid. If the spot size is assumed to be 400-nm in diameter (diffraction-limited) and the energy distribution is uniform, then a single BNA receivesapproximately 13.5% of the total irradiation (ratio of BNA area to spot size).
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Then at 20 mW average incident power,
Q = (20 · 0.135)mW(80MHz) · (1.638 · 10−14 gbowtie )= 2.06 kJg · pulse (2.5)
and the temperature is estimated to be 1260 K in eqn. (2.3) and 15540 Kin eqn. (2.4). These temperatures indicate that if there is enough energy tocause melting (or boiling), the temperature of the lattice would be 15540 K(or 1260 K) after the phase change(s). Since 15540 K assumes only meltingand is above the boiling point, the BNA should be above the melting tem-perature. The estimated temperature for boiling (after two phase changes)is 1260 K, but is below the boiling point, so the BNA is considered to be atthe boiling point. Following the discussion of Inasawa et al., both shape andsize changes should be expected. However, by sampling portions of post-irradiation SEM images, 20 mW was experimentally determined to give nodetectable structural deformation. The discrepancy may be due to devia-tions from the assumptions of energy absorbed or to the environment of theBNA.At 30 mW, eqns. (2.3) and (2.4) give 9130 K and 23400 K, which are bothmuch higher than the boiling point. This is consistent with the moderatedamage seen in the SEM images (Fig. 2.1c). The lighter shade of materialin the gap region is the Cr adhesion layer and the grainy appearance ofthe surroundings is the ITO-coated substrate. It is difficult to know whetherthe initial 50-nm thickness is maintained making it unclear if material hasbeen removed.
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As power is increased to 50 mW (Fig. 2.1d), we obtain 24870 K and39100 K, and observe large deformations. It is clear that material hasbeen removed, but it is unclear whether the lightly shaded portion of theimage in close proximity to the bowties is redeposition after photoionizationor diffusion of material along the substrate. The exact process would beindicative of the energy-transfer pathways at such high fluences. Becausethese images are taken after exposures of 7 minutes in length, it is expectedthat the structure is changing over this time scale, which would alter theoptical absorption characteristics in a transient manner.Even though structural damage was not observed for 20-mW incidentpower, the analysis above shows that the BNAs should be at the boilingtemperature, but has not absorbed enough energy to transition to vapor.Whether the BNA is in a melted state for a short period of time beforethe temperature equilibrates with the substrate or the BNA is in a super-heated state is uncertain, and the dependence of the optical properties onthe phase (state of matter) is also uncertain. In addition, because of thehigh temperatures involved, alloying of the Au and adhesion material is apossibility and its effects are unknown. Despite the elementary assump-tion of absorbance and the large experimental differences for which theseequations were in agreement, namely aqueous solution and particle geom-etry, the heat-transfer based estimated temperatures may provide a ruleof thumb for the following studies. Nevertheless, the heating mechanismsdiscussed suggest that the LID seen in the experiments presented in thisthesis may be unavoidable due to the time scales involved.
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2.4 Damage Reduction Measures
In spite of the potentially unavoidable damage in our system revealed in theprevious section, several basic measures were taken to combat the effectsof LID. The pulse broadening, or positive group velocity dispersion (GVD),imparted by the optical train is compensated for by adding an equal amountof negative GVD. This minimizes the pulse width at the sample resulting inincreased peak power per pulse, which gives an increased probability fornonlinear processes, for a given average power. The pattern scanned bythe galvanometer-based scanner is modified from raster-type to stochastic-type, which results in a more even and total distribution of the irradiatedscan area. Finally, to address the thermal effects, the adhesion layer ischanged from titanium to chromium which has a slightly higher meltingpoint (1670 ◦C and 1863 ◦C, respectively). Also, the usefulness of a thinlayer of alumina (Al2O3), a material known to have a high melting point andhigh thermal conductivity, to aid in the dissipation of heat is investigated.
2.4.1 GVD Compensation
GVD is the spreading of the pulse due to chromatic dispersion in the opticaltrain. The components in the optical train consist of lenses made of materialshaving a wavelength-dependent refractive index which results in the “red”and “blue” components of the pulse to travel at different velocities over time.When the pulse passes through the lens, the higher frequency components(blue) travel slower than the lower frequency components (red) and pulseis said to be positively chirped. Using the DeepSee module of the MaiTaiLaser, which is essentially a prism compensator,61 the effect of the positive
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chirp induced by the optical train is compensated for by adding an equalamount of negative chirp at the output of the laser.From the preceding discussion on damage mechanisms (see 2.3), theprincipal cause of LID is the incident power density. Having the shortestpulse by GVD compensation provides an indirect means of reducing damageby reducing the needed incident power for this particular setup. Since theprimary interest of the arrays of BNAs is to characterize the nonlinearoptical response, two identical photons must interact with the system ina single, instantaneous quantum event. Achieving the highest peak powernecessarily means having the shortest possible pulse. Increasing the peakpower increases the number of photons and shortening the pulse increasesthe probability of simultaneous interaction of identical photons, therebyincreasing the overall nonlinear emission. As a result, GVD compensationgives higher nonlinear emission intensity for a given average incident powerirradiating the sample. Therefore, after GVD compensation, the averageincident power on the sample can be reduced while maintaining a highsignal-to-noise measurement of the nonlinear emission, and ultimately thedamage is reduced.Calculation of the amount of positive chirp induced in each componentis difficult given the use of proprietary components such as lenses, polar-izers, dichroic filters, and dielectric mirrors in the optical train. For thisreason, the DeepSee module was calibrated by varying the motor positionof the module and observing the change in two-photon fluorescence (TPF)intensity of 1-µm fluorescent beads (Duke Scientific, G0100). The motorposition at which the highest TPF intensity is measured is assumed to be
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Figure 2.10: Two-photon fluorescence emission from fluorescent beads before (lower/red)and after (upper/blue) GVD compensation, using 10 mW average power at λ = 800 nm with100x, NA = 1.4 fully-corrected objective.
compensated. Care was taken to ensure that the average incident powerwas kept constant while changing the motor position.Figure 2.10 shows the TPF signal of fluorescent beads measured by thespectrometer before (red, lower curve) and after (blue, upper curve) GVDcompensation for the same average incident power of 10 mW. According tothe GVD compensation table given by manufacturer (see Appendix A.1), theamount of negative chirp for the default motor position is -2800 fs2, andthe motor position resulting in the highest TPF intensity adds -6483 fs2 ofnegative chirp. The impact of GVD compensation is substantial as the TPFsignal intensity is increased over 70% for the same average incident power.
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Figure 2.11: SEM image of damaged BNAs after raster scan at 35 mW, resonant polar-ization, 425 x 425 nm array, Ti adhesion layer.
2.4.2 Scanning Pattern
The galvanometer-based scanner is a vital component for illuminating largeparts of the sample. A technique commonly employed in microscopy, thebeam is scanned back and forth in the x-direction and stepped in one direc-tion in the y-direction. This systematic process of progressively illuminatingthe entire scan area is called raster scanning.There are several disadvantages in using a raster scan method for il-lumination of periodic arrays of BNAs. The signals sent to the scannercontroller are digitized samples of a waveform, and given the periodic na-ture of both the scanning waveform and the sample itself, the overall samplecoverage may become unbalanced with certain regions being exposed muchmore than others. In the most severe case, certain regions of the samplemay not be exposed at all. This can be seen in the SEM image in Fig. 2.11,
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Figure 2.12: Comparison of simulated illumination distribution of 10000 points for (a)raster and (b) stochastic scanning patterns.
where consecutive horizontal rows do not show similar degrees of deforma-tion, implying that these rows were irradiated more than others. Decreasingthe sampling interval of the waveform may help alleviate the uneven samplecoverage by making consecutive beam positions closer. However, given thatthe periodicity of the densest array is 425 nm, the resolution of the scannerwould ideally be ∼213 nm to avoid skipping rows of BNAs during the scan.The time taken for the beam to cover the entire scan area would also besacrificed when decreasing the sampling interval. Furthermore, a reducedsampling interval would not address the periodic nature of the waveformwhere specific points on the sample are repeatedly irradiated.An alternative to a raster pattern is a stochastic pattern. In this method,the beam is positioned by sending random sets of x- and y-coordinatesgenerated with a pseudorandom white-noise function (in LabVIEW). Theimage produced by a stochastic scan pattern shows less spatio-temporalartifacts and achieves relatively uniform illumination compared with theconventional raster pattern.62 Figure 2.12 shows a simulated output plot
38
of 10,000 coordinates sent to the controller for the raster pattern (2.12a)and for the stochastic pattern (2.12b). Each coordinate is plotted with amarker radius of 0.5 units and the coordinates are integers. The color mapcorresponds to a histogram of the number of times each coordinate is sentto the controller with red being the maximum and blue being a minimum ofzero. The distribution for the raster pattern in Fig. 2.12a has a maximumof 40 while for the stochastic pattern the maximum is 16. From this, anda visual inspection of the distribution of coordinates, it is clear that thestochastic pattern has a more uniform distribution of coordinates sent tothe controller. Therefore, using the stochastic scan pattern greatly reducesthe frequency of points repeatedly scanned and should result in damagereduction.A disadvantage of the stochastic pattern over the raster pattern is relatedto a practical consideration for both types of scans. The inertia of the scanhead, which consists of the mirror, mirror support, and motor, fundamentallylimits the speed at which the beam can be scanned. When scanning at highspeeds, the system can no longer control the scan head, and in our system,the scan heads return to a home position for a brief period of time beforescanning resumes. In a raster pattern, the distance between consecutivescan coordinates is relatively small. However, for the stochastic patternthe distance between coordinates is random, and for a square-shaped scanarea there is a small, but non-zero probability for consecutive coordinatesto trace out the diagonal of that square.The consequence of the reduced scan speed is not readily apparent whenimplemented because of the much faster fill rate of the stochastic scan.62
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Figure 2.13: TPF images of fluorescent beads taken with 20 ms exposure and 16xaccumulation for (a) raster scan and (b) stochastic scan. Raster scan sampled at 10 kHz,200 Hz
Figure 2.13 shows TPF images of fluorescent beads after 320 ms of exposure(sum of 16 20-ms exposures). Both scan patterns were scanned in a 0.5 Vscan window, with the raster scan sampled at 10 kHz for the x-mirror, 200 Hzfor the y-mirror, and 0.01 V step size, and the stochastic scan was sampledat 7.5 kHz for both mirrors. Comparing Figs. 2.13a and 2.13b, the stochasticscan does appear to fill more of the scan area than the raster scan for thesame time frame.With regards to damage reduction, figure 2.14 shows post-irradiationSEM images of the 425 x 425 nm array with Cr adhesion layer after anexposure of 6 minutes at 65 mW for both types of scan patterns. By vi-sual inspection of the images, the raster scan image (Fig.2.14a) shows moredeformation than the stochastic scan image (Fig.2.14b), particularly in thelower three rows. While not completely conclusive, combined with the ex-perimental comparison presented here and the results of Jureller et. al,62
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Figure 2.14: SEM image comparison of (a) raster and (b) stochastic scanning patternsfor 425 x 425 nm array of BNAs after 65 mW of incident power, Cr adhesion layer.
the stochastic scan pattern is a suitable technique for damage reduction.
2.4.3 Materials
For the sake of brevity, post-irradiation SEM images of both Cr and Tiadhesion layer samples have been shown without a discussion on the choiceof material. An adhesion layer is used in fabrication of these structures toaid in the adhesion of gold to the substrate. The most widely used adhesionlayers for gold63 are chromium (Cr) and titanium (Ti). Prior to knowledge ofLID in our structures, the first choice of Ti as the adhesion layer material wasarbitrary, although it was recently reported that adhesion layer materialplays a crucial role in plasmonic nanostructures.64From the phase diagrams shown in Fig. 2.15, the melting temperaturesfor Ti and Cr are shown to be 1670 ◦C and 1863 ◦C, respectively. Althoughthe calculations in Section 2.3.2 show potential temperature changes muchhigher than the melting points of either adhesion layer material, every at-tempt to reduce damage and shape deformation should be taken.
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Figure 2.15: Phase diagrams of the (a) Ti-Au system,65 and (b) Au-Cr system.66 Meltingtemperature for Ti and Cr is 1670 ◦C and 1863 ◦C, respectively.
The images of samples prepared using a chromium adhesion layer arefigures 2.14b, 2.8, 2.1c, and 2.1d. The images of samples prepared usinga titanium adhesion layer are figures 2.14a, 2.11, 2.9, 2.2, and 2.1b. Ineach case, for a similar irradiation time and average incident power, the Cradhesion layer samples exhibit less shape deformation and damage.In addition to changing the adhesion layer material, the effects of a thinlayer of Al2O3 was also investigated. The excellent thermal properties ofalumina is well known.67 Upon heating, it maintains its phase as a crys-talline solid up to its melting point of ∼ 2050◦C , has a high heat capacityper unit volume, and has high thermal conductivity.A conformal alumina coating of 1-nm or 2-nm thickness was applied tothe BNA sample using atomic layer deposition (ALD). At these thicknesses,the coating should have a very small effect on the optical properties of theBNAs. The main idea is that the coating should increase heat dissipationaway from the BNAs and reduce damage. Also, should melting occur, therigidity of the coating would serve to maintain the shape of the BNAs after
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Figure 2.16: Exposure power versus triangle area measured from post-irradiation imagesof alumina-coated BNAs on Cr adhesion layer. Each point is an average of 8 triangles,where a single BNA is composed of two triangles. Measurements by Anil Kumar, ECEdepartment.
re-solidification.Damage tests were performed on arrays of BNAs with a Cr adhesionlayer for samples with and without an alumina coating. The average incidentpower, incident polarization, and thickness of the coating were varied forexposures of 10 minutes. After the samples were irradiated, post-irradiationSEM images were taken and measurements of the area of the triangles werecompiled.Figure 2.16 shows a plot of average incident power versus triangle areafor the various experimental conditions. Each point on the graph is anaverage of the areas of 8 adjacent triangles (4 bowties). To estimate the
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area of a triangle, the altitudes of 8 triangles are measured (h1, ..., h8),averaged and used in the formula for the area of an equilateral triangledefined as
A = √33
( 8∑i=1hi8
)2 (2.6)
where A is the area. For damaged BNAs that no longer resemble a triangle,the length of the longest distance between two points lying on the edge(chord) is used.For a given incident power, samples with 1-nm thick alumina coatingshow less decrease in the triangle area compared with uncoated samples.Samples with a 2-nm thick alumina coating show the similar final triangleareas after irradiation by 45-55 mW compared with uncoated samples ir-radiated by only 30-40 mW. The results of these damage tests, shown inFig. 2.16, indicate that the use of an alumina coating improves the damageresistance in terms of minimizing the change in triangle area. However,Section 2.3 discussed the temporal evolution of the energy transfer and dy-namics of an irradiated NP. If the particle-environment heat transfer (hun-dreds of ps) is an order of magnitude longer than the particle thermalization(tens of ps), then no amount of surface additive can enhance heat transferwhen a 100-fs pulse is used.
2.5 Summary
The sole purpose of the experiments presented above is to determine whataverage incident power does not result in damage. After unexpectedly ob-serving laser-induced damage (LID) in post-irradiation SEM images of ar-
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rays of BNAs, damage mechanisms and reduction measures were investi-gated. Post-irradiation SEM images were heavily used for identificationand qualification of LID.Proposed theories of damage mechanisms from literature have generallyidentified several important parameters influencing damage. These are thelaser pulse fluence, pulse duration, and the optical absorption properties ofthe NP being irradiated. In the studies presented here, the pulse durationis optimized and held constant, while the laser pulse fluence is varied bycontrolling the average incident power irradiating the sample. In additionto the dependence on incident power, it was determined that other factorsunique to our experimental system also influence the LID.The attempts to combat the effects of LID may not have been ideal basedon the discussion of damage mechanisms in Section 2.3. The addition of thealumina layer may help in distributing the heat evenly in a nanosecond orgreater time scale, but on the femtosecond time scale of absorption andthermalization of the BNAs, the alumina may have no effect in terms of pre-venting LID. Similarly, changing the adhesion layer material to one with ahigher melting point may also have no effect due to the short time scale.However, the studies of transient thermal mechanisms of Au nanorods wereperformed in aqueous solution where the solvent has significantly higherheat transfer coefficient and heat capacity than air, where studies of BNAswere done. A repetition rate of 80 MHz corresponds to a delay of 80 µsbetween pulses, which may be long enough for the BNA to cool completelyin solution, but when supported by a substrate in air, an increase in tem-perature over several pulses may be present. The follow-up experiments of
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alumina-coated BNAs indicate a damage resistance in terms of preventingshrinkage of the triangle area.Damage reduction measures included changes to the adhesion layer,scan pattern, and optimizing the laser pulse width. The effect of changingeach of these parameters also aided in gaining insight to the specific LIDmechanisms in arrays of BNAs. Not only was a dependence of LID on inci-dent power found, but also the extent of damage was found to be dependenton both irradiation time and scanning pattern.The discussion here merely highlights the complexities of LID, and thedifficulties in verifying the hypotheses presented are the same as thosein literature. The experimental system and conditions are very difficult tocontrol well enough to characterize the fundamental phenomena. However,through a systematic study, guided by the results of a few notable publi-cations, we have been able to implement damage reduction measures anddetermine a damage threshold based on incident power and irradiation timefor our specific experimental system of arrays of BNAs. These results willprove useful in any future experiments involving arrays of gold BNAs.
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Chapter 3
Nonlinear Optical Emission
3.1 Overview
Research on the optical response of bowtie nano-antennas (BNA) has gainedattention in the scientific community due to their favorable optical proper-ties7,10,11,19 and ability to manipulate light on a sub-wavelength scale.13,20They have been proposed for use in photonic circuits,21 super-resolution op-tics,22–25 and tunable nano-scale emitters.26–31 In particular, the nonlinearoptical response of gold nanostructures has shown to be useful in funda-mental studies of their electronic structure,32–38 which is the source of theirfavorable optical properties.Here, the exceptional field enhancement in arrays of gold BNAs are ex-ploited for the study of its nonlinear optical response. The theory presentedin section 1.3 elaborates on the linear optical properties of BNAs. Essen-tially, the large electric-field intensity enhancement arises from a combina-tion of the localized surface plasmon resonances (LSPR) in sharp-tip geome-tries and the electrodynamic coupling of LSPR modes in dimer nanostruc-
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tures, which results in a confinement of the applied field to a subwavelengthgap. This antenna effect has also been shown to enhance nonlinear pro-cesses such as second-harmonic generation (SHG),13,30–33,35,37,68,69 third har-monic generation (THG),32 two-photon photoluminescence (TPPL),13,19,34,36and continuum generation.12,34 The large electric-field enhancements15–17and nonlinear emission from nanostructures4,31,33,69–71 can be further en-hanced by arranging them in periodic arrays. However, the optical responseof a nano-scale system combining the array effect with the inherently largefield enhancements of coupled-plasmon resonant-nanoparticle pair geome-tries has not yet been investigated. Since the nonlinear optical responsehas a polynomial dependence on field intensity, the effects of field intensityshould play an important role in the nonlinear emission. Characterizing thenonlinear optical response is a crucial first step in engineering their designfor next-generation devices.
3.1.1 Additional Theory
Second-harmonic generation (SHG) is a special case of sum-frequency gen-eration (SFG) and typically only occurs on non-centrosymmetric systems.When two identical photons simultaneously interact in a non-centrosymmetricsystem, SHG can occur and the result is the emission of a single photonwith twice the energy of the incoming photons. A simplified schematic ofthis process is depicted in Fig. 3.1a. For example, two interacting photonsat λ = 800 nm (ν = 375 THz) result is an emission of a single photonat λ = 400 nm (ν = 750 THz) when SHG occurs. In arrays of gold BNAs,the non-centrosymmetry exists at the gold-air and gold-substrate interfaces
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Figure 3.1: Illustrations of fundamental nonlinear optical emission processes in BNAs:(a) Sum frequency generation and second harmonic generation, (b) electronic structure ofgold from Ref. 34, (c) details of (b) from Ref. 32.
where there is a refractive-index mismatch.72Two-photon photoluminescence (TPPL) is the emission of a photon dueto the relaxation and recombination of an electron-hole pair after two-photon absorption. A diagram of the electronic structure for gold is shown inFigs. 3.1b and 3.1c. When the system is illuminated, electrons in the occu-pied d-type band below the Fermi level are excited by two-photon absorp-tion into the unoccupied sp-type conduction band. The excited electronslose energy in the conduction band due to intraband scattering processesuntil they approach the Fermi level and recombination occurs. Radiativerecombination after the previously described process is termed TPPL. Theenergy of a TPPL photon is related to the interband separation betweenthe ground and excited states, but due to competing non-radiative pathwaysand processes, such as heat, TPPL is observed as a broadband emission.In gold, the TPPL process is most efficient when the incident wavelength,or incident photon energy, matches the d to sp transition energy for two-
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photon absorption. If the linear optical response of a gold nanostructureis designed to also be resonant with this transition energy, then the TPPLemission can be resonantly enhanced due to the increased electrodynamiccoupling of the incident light. The term “plasmon-assisted” is also widelyused.It was recently suggested that a similar enhancement mechanism occursfor SHG and THG in gold nanostructures as well.32 A more common viewof the enhanced SHG emission attributes the enhancement to increased lo-cal field intensities and confinement in plasmonic nanostructures.4,13,33,35,69However, it should be noted that the exact mechanisms of SHG in nanoscalestructures, particularly the sources of the second-order nonlinearity, arestill a subject of research.71–74
3.2 Experimental Setup
Characterization of the nonlinear optical response of the arrays of BNAs iscarried out using the advanced microscopy platform (see Section 1.5) afterimplementation of damage reduction measures (see Section 2.4). Briefly, anultrafast near-infrared laser with a 100-fs pulse is used to illuminate arraysof BNAs with various spacing. The arrays of BNAs with a Cr adhesion layerare fabricated by e-beam lithography on an ITO-coated glass substrate (seeSection 1.4). Using a stochastic scan pattern (see Section 2.4.2) and a fully-corrected oil-immersion objective (100x, NA = 1.4), an unexposed region ofthe sample ∼ 25 x 25 µm is illuminated for a maximum of 120 seconds.The average incident power for these experiments is set to 10 mW (peakpower density ∼ 1012 W/cm2, peak fluence ∼ 32 mJ/cm2) by a half-wave
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plate and linear polarizer combination, where incident polarization is set toexcite the BNAs in a resonant or nonresonant fashion. The optical emissionis collected in reflection geometry by the same objective and coupled toeither a CCD spectrometer for spectral analysis or an EMCCD for imaging.A majority of the experimental process is automated with a script writtenusing AutoHotKey, an open source program used under GNU General PublicLicense.A spectrometer was custom-built to address the unique difficulties inmeasuring the spectrum of the nonlinear optical emission from arrays ofgold BNAs. Due to the nature of the emission, several design consider-ations were made which required the use of a specialized spectrometer.The emission from the BNAs is expected to have low intensity and containboth narrow- and broad-band components over a wide range in the vis-ible spectrum. In addition, long periods of illumination are not preferreddue to potential damage of the structures (see Chapter 2), which makesa typical monochromator design with rotating elements disadvantageous.Thus, a high sensitivity, high resolution, high throughput, spectrograph (orpolychromator) is needed.The custom-built spectrometer consists of two primary components, thegrating and the detector. For the grating, an aberration-corrected con-cave holographic grating (Jobin Yvon CP140-103) was chosen due to itshigh throughput (f/2) and wide spectral range (190 nm - 800 nm) whilemaintaining a low dispersion (24.2 nm/mm) for relatively high-resolutionmeasurements. The configuration of the CP140 is favorable since a singlecomponent serves as a dispersive element, collimating mirror, and focusing
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Figure 3.2: Two views of the aluminum spacing plate used to match the focal planes ofthe grating and CCD camera. Fabricated in the MechSE Machine Shop by Kyle Cheek,Staff Mechanic.
mirror. It has a two-dimensional focal plane of 25 mm x 8 mm in size and isused with a 500 µm entrance slit.For the detector, a full-frame CCD camera (Andor iDus DU420A-BU) waschosen for its large sensor area, large pixel size and high quantum efficiencythroughout the UV-Vis spectrum. The back-illuminated CCD sensor is 1024x 255 pixels with 16-bit digitization. The image area of the sensor is 26.6mm x 6.7 mm, which is slightly larger than the length of the spectrum at thefocal plane of the grating (25.2 mm). This ensures that the entire spectrumis detected by the sensor. The relatively large pixel size (26 um x 26 um)gives high sensitivity with low noise in low-light conditions. The camera isalso equipped with a thermoelectric cooler which is able to cool the sensordown to -60◦ for increased noise attenuation.Because the focal plane of the grating extends 25.83 mm outside of itshousing and the focal plane of the CCD sensor is -10 mm from the entrancewindow, a spacing plate was used to maintain the proper separation be-
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tween the two components. The plate was fabricated from an aluminumblock (6061-T6) in the MechSE Machine Shop by Kyle Cheek, Staff Me-chanic (see Appendix A.3 for drawing). Two views of the plate are shownin Fig. 3.2 In addition to matching the focal planes of the camera and grat-ing, the spacing plate securely mates the two components together in alight-tight manner.Proper entrance optics for the spectrometer ensure that the image isproperly relayed into the grating which minimizes stray light, maximizesthroughput, and optimizes resolution of the measurement. The entranceoptics were chosen based on the microscope output and limited space onthe optical table for spectrometer placement. WinLens3D basic, a free ray-tracing program, was used to simulate various lens combinations for use asentrance optics.The primary design consideration for selecting the entrance optics isNA-matching, where the NA of the grating and the NA of the entranceoptics are identical. Using the 100x oil-immersion objective, a 25 x 25 µmarea of a fluorescent bead sample was illuminated and the image size atthe output of the microscope was determined to be ∼ 5 mm in diameter.The placement of the spectrometer was extremely limited due to size of theinstrument and other optics already on the table. Because of the low-lightapplication, the use of mirrors and relay optics should be kept to a minimumto avoid unnecessary losses. The spectrometer was placed with a distanceof ∼ 545 mm between the microscope image plane and the spectrometerentrance slit plane.Based on the spectrometer input NA of 0.25, an object-to-image distance
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Figure 3.3: Output of the ray-tracing analysis for the entrance optics overlaid on aphotograph of the spectrometer. Units in table above, unless specified, are in millimeters.
of ∼ 545 mm, and an entrance slit width of 500 µm, several lens combina-tions were analyzed in the ray-tracing program. Selection of the lenses iscomplicated by the availability of commercially available lenses, which arelimited to 5 mm increments for focal lengths between 30 and 60 mm, and50 mm increments for focal lengths greater than 100 mm. The final designof the entrance optics included two lenses with focal lengths of 35 mm and400 mm. A summary of the final design parameters, including distancesbetween lenses, is shown in Fig. 3.3 along with a schematic of the layout.These lenses placed at the correct distances provide proper relaying of themicroscope output and proper illumination of the grating.Given the high sensitivity of the spectrometer and need to detect weak
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Figure 3.4: Spectra of the Mercury-Argon calibration source after alignment. The yel-low doublet of the Mercury emission lines is clearly resolved at λ = 576.96 nm andλ = 579.07 nm
signals, the system is shielded from ambient light. Prior to shielding, ap-preciable levels of ambient light were detected even with all overhead lightsturned off. The majority of the ambient-light noise is due to the computermonitor and various “on/off”-type LEDs on other instruments. Light shield-ing was done on two sub-systems of the setup, one containing componentsoutside the microscope and the microscope itself. To test the effectiveness ofthe light-shielding measures, the system was tested with a relatively long5-second exposure using the highest sensitivity setting (33kHz, 64.25 µsec)in full vertical binning (FVB) mode.Shielding of the first sub-system, the region from the output of the mi-croscope to the input of the spectrometer, was done with blackout cloth(Thorlabs, BK5). The blackout cloth was stiffened by gluing a sheet of
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common printer paper to the cloth and rolling it up into a tube so thatthe white printer paper is on the outside. These tubes were placed atthe interface of each entrance optic such that this system is light tight.Upon testing the first sub-system, no light was detected (flat line at noisefloor), verifying that this portion of the system is light-tight. Shielding ofthe second sub-system, the region from the laser output to the microscopeoutput. The primary means of ambient light coupling to the spectrometersystem is through the high-NA objective. Various pieces of blackout clothwere draped around the microscope and a long exposure measurement wasagain performed to verify that the system was light-tight.After aligning the entrance optics and light shielding the system, thespectrometer system was calibrated using the low-pressure gas dischargelines of a Mercury-Argon source (Ocean Optics Hg-1). The output of thecalibration source was coupled into the microscope using a 50-µm fiberoptic cable placed at the focal plane of a NA = 0.25 objective (low-NA).The output of the low-NA objective was focused into the high-NA 100x oil-immersion objective in the advanced microscopy platform. Figure 3.4 showsthe raw spectrum of the calibration source prior to wavelength correction.The yellow Hg doublet at 576.96 nm and 579.07 nm are clearly resolved inthe spectra, which verifies proper alignment of the system.
3.3 Results & Discussion
3.3.1 Array Periodicity
Figure 3.5a shows the nonlinear emission spectra for several arrays ofBNAs. Each curve shows a narrowband emission at the second harmonic
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Figure 3.5: In (a): nonlinear emission spectra for arrays of gold BNAs with 500 x 500 nm(green), 1000 x 500 nm (purple), 500 x 1000 nm (black), and 1000 x 1000 nm (pink) arrayspacings. In (b): field intensity enhancement in several arrays of gold BNAs, from FDTDsimulation.
(λ ∼ 780 nm) and a broadband continuum emission that extends toλ ∼ 660 nm, the cut-off frequency of the laser-blocking filter (see Sec-tion 1.5, Fig. 1.5). The small fluctuations in the spectra are due to a pos-sible Fabry-Perot resonance between the sample substrate and the pro-tective cover slip. An apparent discontinuity in the spectra can be seen atλ ∼ 525 nm as well as a slight curvature of the between the narrowbandpeak and the discontinuity. A broadband emission that extends over sucha large region is unexpected for gold nanostructures.12,13,19,34A general trend can be identified by comparing the rank order of the
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emission intensity in Fig. 3.5a with the rank order of the magnitude offield enhancement at λ = 780 nm in 3.5b. For both incident polariza-tions, the arrays with highest and lowest emission intensities are 500 x500 nm and 1000 x 1000 nm, respectively, which also correspond to thehighest and lowest field intensity enhancement from the simulation. Fornon-resonant polarization, the small difference in field intensity enhance-ment for 1000 x 500 nm (purple) and 500 x 1000 nm (black) spacings (inFig. 3.5b) also appear as small emission intensity differences in Fig. 3.5a.This rank-order comparison of the emission intensity and field intensity en-hancement from simulations is consistent with the theory presented earlier(see section 3.1.1), where higher nonlinear emission intensities are observedfor structures with higher near-field intensity enhancements.
3.3.2 Power Dependence
Because of the spectral location of the narrowband emission peak at thesecond harmonic of the incident wavelength, this portion of the spectrumcan be attributed to SHG. The region of the spectrum between the SHGpeak and the discontinuity at λ ∼ 525 nm can initially be assigned toTPPL based on its spectral location.12,13,19,34 However, a test of the powerdependence of the emission intensity is needed, in addition to considerationof their spectral location, for conclusively identifying these two regions asSHG and TPPL. The power dependence test is informative because of thequadratic dependence of SHG and TPPL on pump intensity (Iω ∝ I2ω2), whichwill appear as a linear trend with a slope of two on a log-log scale.Figure 3.6 shows the results of a power dependence test of signal versus
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Figure 3.6: A power dependence test of the various spectral regions of the nonlinearoptical emission for an array of gold BNAs with 500 x 500 nm spacing. On a log-logscale, the mean intensity of three samples are shown as points with an ordinary least-squares fit line. The calculated slopes for the sets of points are shown with 95% confidenceintervals, and coefficients of determination in the legend. Inset: Spectra of a set of powerdependence measurements. The left black-dotted line shows the central wavelength forthe TPPL region, and the right black-dotted line shows the upper wavelength of the CGregion.
incident power on a log-log scale for the 500 x 500 nm array spacing atλ = 780 nm with resonant excitation. The average incident power wasvaried between 700 µW and 11 mW and the emitted spectra was captured.An example of a set of emitted spectra for this experiment is shown in theinset of Fig. 3.5. The spectra for the power dependence test were performedin three independent trials and averaged before sampling. Samples for theSHG region were taken at the narrowband emission peak, while samples
59
for the TPPL region were taken at λ = 440 nm, 463 nm, and 486 nm, andfor the rest of the continuum, samples were taken at λ = 550 nm, 600 nm,and 635 nm. Each of these samples were then averaged for the regressionanalysis. For calibration and reference, several power dependence tests ofthe two-photon fluorescence from fluorescent beads yielded slopes of 2.00(see Appendix A.2).The result of the power dependence test for each of the three regions,with 95% confidence intervals, were 2.01 ± 0.02, 2.04 ± 0.03, and 1.70 ± 0.02for the regions indicated as SHG, TPPL, and continuum generation (CG) inFig. 3.5a, respectively. The ∼ 2 slope at the second harmonic wavelengthfurther verifies the narrowband emission as SHG. For the region betweenthe SHG peak and the discontinuity at λ ∼ 525 nm, a slope of 2.04 suggeststhat this is indeed TPPL. A slope of 1.70 for the region where λ > 525 nm isunexpected because it cannot be attributed to a single multiphoton process,which to our knowledge, has not been observed for gold nanostructures.
3.3.3 Incident Polarization Dependence
Polarization along the BNA axis is known to promote strong coupling be-tween the two arms of the nanoantenna, which also allows collective plas-mon modes along the entire antenna.20 This property manifests itself inthe large field enhancement values from simulation for resonant excitationshown in Fig. 3.5b. Also, the spectral profile of the broadband continuum,including the TPPL, in Fig. 3.5a appear to be unique to the incident polar-ization. For resonant excitation, the underlying shape of the spectra is flat,whereas for nonresonant excitation, the shape is upward sloping. In addi-
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tion, this occurs for all array spacings for a given polarization, even thougheach array is associated with a different field enhancement strength. Refer-ring back to the inset of Fig. 3.6, the low power measurements for resonantexcitation also show an upward sloping shape, it is not as prominent dueto the scale of the axes. The unique correlation of the spectral profile withincident polarization indicate that the nonlinear mechanisms may be a char-acteristic of the individual particle geometry and allowed plasmon modesrather than the field enhancement itself.It was established in section 3.1.1 that both SHG and TPPL can be reso-nantly enhanced and have a strong correlation with the near-field intensityenhancement. In fact, the authors of Ref. 19 derive a quantitative formulafor the relationship between experimental TPPL signal and the local inten-sity enhancement values from simulation. Therefore, both TPPL and SHGsignals (Fig. 3.5a) should be associated with the field enhancement valuesobtained in simulation (Fig. 3.5b).To further investigate this relationship in our experiments, where SHGand TPPL emission occur together in the same system, we propose the useof a nonlinear emission ratio, γ, representing the relative emissions of SHGand the broadband continuum. It is defined as
γTPPL = λSHGλ463nm (3.1)γ635nm = λSHGλ635nm (3.2)
where λSHG , λ463nm, and λ635 are the signals at the wavelengths correspond-ing to SHG, TPPL, and CG, respectively.
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Figure 3.7 shows the two nonlinear emission ratios for each array sep-arated by incident polarization. By isolating the key components from therest of the spectra, a few informative conclusions can be made about themechanisms for each type of nonlinear emission. First, for resonant excita-tion, the trends in γTPPL and γ635nm for each array is very similar with the500 x 500 nm array showing the lowest ratio and the 500 x 1000 nm arrayshowing the highest ratio. A similar comparison of γTPPL and γ635nm fornonresonant excitation do not show a similar trend. In addition, comparingthe magnitudes of γTPPL for each incident polarization, resonant excita-tion gives γTPPL < 1 and γTPPL > 1 for nonresonant excitation. A directimplication of this analysis is that a stronger local field does not neces-sarily yield stronger SHG in these structures, which differs from previouslyproposed theories relating field enhancement to enhanced SHG emission.Furthermore, combined with the independence of the spectral profile on in-cident polarization, the nonlinear emission ratio indicates that the nonlinearmechanisms for one or both of SHG and TPPL may be independent of fieldenhancement.
3.3.4 Polarization of Emission
Figure 3.8 shows several spectra which have been normalized. In this case,the array spacings are 500 nm x 500 nm (Figs. 3.8a and 3.8b) and 475 nmx 475 nm (Figs. 3.8c and 3.8d). The magnitude of the measured intensity atthe second harmonic can be varied by rotating an analyzer placed in front ofthe spectrometer. At a given excitation wavelength, and resonant excitation,the relative intensity is a maximum when the analyzer transmission axis is
62
oriented parallel to the bowtie axis (Fig. 3.8, solid line), and a minimumwhen it is perpendicular (Fig. 3.8, dash-dotted line). As observed in thefigure, the amount by which this intensity can be varied is much larger forresonant excitation than nonresonant.In addition, the dipolar nature of SHG emission is shown in the polarplots in the insets of Fig. 3.8 for 780-nm incident wavelength, where the SHGemission was isolated from the total emission by subtracting the expectedTPPL emission at the second harmonic. Note that for BNAs excited reso-nantly, the measured SHG dipole emission pattern is also along the longaxis. However, for BNAs excited nonresonantly, there is a rotation of thedipole pattern relative to the long axis, suggesting some form of ellipticallypolarized light.This could be due to multipolar contributions which we believe to arisefrom retardation effects30,37,68 due to the optical response of the arrays ofBNAs having different surface plasmon coupling behavior11,20,25,75 for reso-nant and nonresonant excitation. The resonant excitation promotes strongcoupling of the two triangles that comprise a single BNA, where the chargedensity distribution becomes highly polar for the antenna as a whole. Thisresults in collective plasmon modes along the entire antenna20 and the emis-sion being dominated by a dipolar response. In the nonresonant case, thecoupling between the two triangles is reduced, and the multipole contri-bution becomes more pronounced, which along with retardation effects dueto the gap, results in an elliptically polarized emission pattern. The ex-otic behavior of the nonlinear emission warrants further investigation intoidentifying the governing parameters.
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3.3.5 Relation to Damage
At this point in the discussion it is suitable to combine the previous discus-sion on the mechanisms of SHG and TPPL with the discussion from Chap-ter 2 on laser-induced damage. Here we refer to the spectra in Fig. 2.3(pg. 19), where the measurements were taken before and after 7 minutes ofirradiation, and the SEM image in Fig. 2.1c (pg. 17), where a post-irradiationimage of the same region is shown. Assuming that the initial spectra inFig. 2.3 are representative of undamaged BNAs and the final measurementis representative of the damaged BNAs shown in Fig. 2.3, some inferencesabout the mechanisms of SHG and TPPL in relation to the morphology ofthe BNAs can be made.By associating these spectra with the post-irradiation SEM image inFig. 2.1c of the same area, the geometry of the BNA is relatively unchanged,but a large change in the measured spectra is observed. The TPPL intensityis heavily quenched after exposure while the intensity of the SHG is onlyslightly reduced. Optical damage, such as plasmon-band bleaching or otherstructure-independent changes in optical properties, are known to occur ingold nanostructures under pulsed-laser irradiation. However, regardless ofthe specific processes leading to the decrease in TPPL intensity, this com-parison provides further indication that the source of the SHG enhancementdiffers from that of the TPPL enhancement.
3.4 Summary
Through a detailed spectroscopic study of the nonlinear optical emissionfrom arrays of gold BNAs, several interesting, yet unexpected results are
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observed by using the array periodicity and incident polarization as addi-tional degrees of freedom in manipulating the optical response. The arraysof BNAs are shown to exhibit a remarkably uniform emission over a widespectral region. Increases in the nonlinear emission intensity for variousspacings were found to be correlated with near-field intensity enhance-ments from simulation. A power dependence test conclusively identified thepresence of SHG and TPPL in the emitted spectrum, but also revealed aportion of the emission that cannot be attributed to a single multiphotonprocess. The polarization dependence of the nonlinear optical response isdiscussed with a specific focus on the mechanisms for SHG and TPPL, whichwere previously thought to be enhanced by the same mechanism. With theuse of a nonlinear emission ratio, representing the relative emission inten-sities of the different components in the nonlinear signal, it was determinedthat the enhancement of SHG and TPPL emission are independent of eachother with a strong indication that one or both of the SHG or TPPL mech-anisms may also be independent of field enhancement. Further evidence ofthis was provided in a comparison of the spectral changes before and afterlaser-induced damage, where a slight deformation in the geometry of theBNAs resulted in a large decrease in TPPL intensity while the SHG inten-sity was relatively unchanged. In conclusion, this characterization of arraysof gold BNAs identifies several new parameters influencing the nonlinearoptical response and serves as an an important first step for the controllabledesign of nanoantennas in future applications.
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Figure 3.7: Nonlinear emission ratio calculated at 463 nm and 635 nm which are repre-sentative of TPPL and the rest of the continuum. An incident wavelength of 780 nm wasused. Resonant excitation is shown in (a) and (c); Nonresonant excitation shown in (b) and(d).
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Figure 3.8: Normalized SHG and TPPL emission spectra from gold BNAs with (a,b) 500nm x 500 nm, and (c,d) 475 nm x 475 nm array spacings. The double-headed arrow indicatesthe incident polarization direction. The red, blue, and black curves correspond to excitationby 780-nm, 800-nm, and 820-nm wavelength. Solid (dash-dotted) curves correspond to thepolarization analyzer’s transmission axis oriented parallel (perpendicular) to the bowtieaxis. Inset: the SHG emission as a function of polarization analyzer position for 780-nmincident wavelength. Note that normalization suppresses the relative magnitudes of eachspectra.
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Chapter 4
Near-Field Optical Forces
4.1 Overview
Conventional optical tweezers make use of large numerical aperture lenses(NA ∼ 1.2-1.4) to tightly focus an input laser with powers on the orderof tens of milliwatts to achieve stable, three-dimensional (3D) trapping ofsub-micron particles. Recently, the use of nanostructures such as dipoleantennas,76 nanodisks,77 and nanostrips78 for optical trapping applicationshave been investigated. Their use for optical trapping is favorable due to thefield enhancement and confinement properties of plasmonic nanostructureswhich have the potential to greatly relax the constraints of conventionaloptical trapping. However, to this date, studies of plasmonically enhancedsystems have been restricted to trapping by isolated nanostructures.In the present work, the excellent near-field intensity enhancement andconfinement properties of arrays of gold BNAs (see Section 1.3) are ex-ploited to achieve low-NA (NA = 0.25, 0.6), low power (<1 mW) opticaltrapping of polystyrene (PS) spheres. The exceptional trapping ability of
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Figure 4.1: Schematic of a cross-section of the sample after sample preparation. Thesample is upright and illuminated from below. Light is focused by an objective through thesample substrate (see Section 1.4) onto the arrays of BNAs in a solution of PS spheresof various diameters which is confined by a rubber gasket and covered with a cover slip(Corning No. 1) .
the BNA system enables straightforward manipulation of the trapped parti-cles when using a galvanometer-based scanner to steer the input beam. Fullmanipulation of both single spheres and clusters of multiple PS spheres overa large area (∼ 80 x 80 µm) is demonstrated. Because of the vast differencesof this trapping system and conventional tweezers, several new parametersare proposed for use in characterizing future systems based on plasmonicnanostructures. Although the work presented here is a proof-of-concept, itis a significant advancement for plasmonically enhanced optical trappingsystems due to the dramatically relaxed conditions of power density andfocusing compared with similar studies.
69
4.2 Experimental Setup
The experimental setup for these studies is very similar to the setup de-scribed in Section 1.5 with the exception of a 660-nm continuous-wave laserwhich replaces the pulsed laser. The λ = 660 nm beam is coupled intothe advanced microscopy platform and a 40x, NA = 0.6 (or 25x, NA = 0.25)objective is used to focus the laser onto the sample. The average incidentpower at the sample is kept under 5 mW and the polarization is set foreither resonant or nonresonant excitation of the BNAs. The sample is illu-minated for imaging using the built-in lamp of the microscope. The sampleis prepared using a diluted solution of polystyrene beads (Duke Scientific,PS0100), 9-mm diameter rubber gasket (0.5-mm thick), and a cover slip(Corning No.1). A schematic of the prepared sample is shown in Fig. 4.1,where the BNAs are immersed in a solution of particles with gravity point-ing downwards. The arrays of gold BNAs are described in Section 1.4. Inconventional optical tweezers setups, the stage is moved relative to thebeam. Here, the use of a galvanometer-based scanner is used for movingthe beam relative to a fixed stage and for manipulation of trapped particles.
4.3 FDTD Simulation
Several FDTD simulations (performed by Dr. Kin Hung Fung, ECE Dept.)were done to simulate the field enhancement of the arrays of BNAs in air.Figure 4.2 shows the spatial distribution of the normalized field enhance-ment in the center of the gap region for both resonant and nonresonantexcitations. Although the simulation limits only extend 10-nm above andbelow the BNA, the field intensity above the BNA is expected to scale with
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Figure 4.2: FDTD simulations of field intensity enhancement plotted in two cross-sections taken at the gap for (a) resonant excitation, and (b) nonresonant excitation.
the inverse of distance (E ∝ 1/D), and at distances greater than 100 nm thefield is expected to be very small.The case of arrays of BNAs in water with a trapped PS bead directlyabove it is also simulated. Figure 4.3 shows a schematic of the simulationsystem, where a PS sphere is approximated as a flat surface interface, 10nm above the BNAs. The field enhancement values for the 425 nm x 425nm and 475 nm x 475 nm arrays are plotted in Fig. 4.4a, and a plot of theintegrated force on a dielectric interface 10 nm above the BNAs is shownin Fig. 4.4b. Figure 4.4c shows the simulation results of field enhancementfor BNAs in water only, and shows that the effect of a dielectric interface10 nm above the BNA is a small blue-shift combined with a small increase
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Figure 4.3: Schematic of the FDTD-simulated arrangement of arrays of gold BNAs and asingle polystyrene bead, where the optical force generated by the near-field enhancementsof illuminated BNAs is integrated over an interface placed 10-nm above which representsa trapped particle.
in field enhancement.These simulation results of arrays of BNAs in water indicate thatλ = 660 nm is not at the resonance peak and the field enhancement ison the order of 102. In addition, the field is expected to decrease with a1/D dependence with distance, which implies that particles must be ex-tremely close to the surface to experience an enhanced near-field force.Interestingly, as we will show, the trapping ability of these arrays of BNAsis considerably better than a conventional optical trap under the same con-ditions, and particles are attracted to the trap center at distances of overseveral bead diameters.
4.4 Plasmonically Enhanced Optical Trapping
4.4.1 Manipulation
Figure 4.5 shows snapshots of a 1-µm bead traveling in a circular pattern at11.2 µm/sec. This particular video was taken near the center of an array sothe boundaries of the array cannot be seen. Using only 780 µW of average
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Figure 4.4: FDTD simulation results for the various array spacings and incident po-larizations for arrays of BNAs in water and for the trapped-particle configuration shownin Fig. 4.3. For the trapped-particle configuration, the field enhancement is shown in (a),and the integrated optical force on the particle is shown in (b). The field enhancement forarrays of gold BNAs in water is shown in (c).
incident power and the 0.6-NA objective, the particle is tightly trapped, andfull control of its motion is established.Besides single particle manipulation, when the concentration of particlesin the solution is high enough, clusters of particles become trapped and canalso be manipulated. Figure 4.6 shows snapshots of a cluster of trapped1-µm beads as they are moved off of the array. In this video, an objectiveof NA = 0.25 was used with 2.4 mW of average incident power. The framesin the bottom row of the figure show that the beads are no longer trapped.This is not the result of interrupted illumination or turning off the laser, buta result of the beam no longer illuminating the BNAs. This is a particularlyimportant point because it demonstrates that the system cannot successfullytrap without the field enhancement of the BNAs.
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Figure 4.5: Video snapshots of a single trapped particle being manipulated in a fullcircle for an array spacing of 525 x 525 nm, vertical incident polarization polarization,incident power of ∼ 780 µW , and objective of NA = 0.6. The elapsed time was 3.3 secondsindicating the particle is traveling at 11.2 µm/s
4.4.2 Trapping Behavior
The trapping behavior observed in figs 4.5 and 4.6 are not without limits.In conventional trapping systems, increasing the input power will typicallyresult in a stronger trap. However, in arrays of BNAs increasing the powercan destabilize the trap, resulting in loss of the particle. Several distincttypes of destabilizing behavior, unique to the BNA-trapping system, areobserved.Figure 4.7 shows representations of the types of behavior as the poweris increased past a certain threshold value for single particle trapping. Mul-tiple particle trapping is shown in Fig. 4.7a where the input power is largeenough to trap particles, but multiple particles must arrive at the trap centerat the same time for a stable trap to be achieved. At this multiple particle
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Figure 4.6: Video snapshots of a cluster of particles being manipulated off of the arraysof BNAs for an array spacing of 425 x 425 nm, horizontal incident polarization polarization,incident power of 2.4 mW, and objective of NA = 0.25. The bottom row of snapshots showsthat the particles are no longer trapped when the arrays are not illuminated. The elapsedtime was ∼ 40 sec.
trapping power, localized heating of the fluid induces a convective flow dueto the high coupling efficiency of the BNAs to the incident light. If a singleparticle is unaccompanied by another particle as it approaches the trapcenter, the trapping force is not able to overcome both the momentum of theincoming particle and the convective flow due to the thermal gradient. Theresult is observed as a particle being accelerated towards the trap centerand then accelerating away from the trap center. This common type of un-stable behavior, shown in Fig. 4.7b, is termed “trampolining”, because of itsdistinctive motion resembling the action of a trampoline. As the power isfurther increased (< 35mW ), heating of the BNAs and solution by the laser(see Section 2.3.2) can cause the particles to fuse to the surface after beingpulled into the trap, as shown in the SEM image in Fig. 4.7c. Illuminatingthe system with the maximum laser output power (∼ 35 mW ) results in
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bubble/vapor generation seen as the dark circular area in Fig. 4.7d. Similarto the results of Hleb et al.47 discussed in Section 2.3, the size of the bubblereaches a maximum diameter and then quickly collapses. Whether this isdue to the plasmon-band bleaching effect is uncertain since we also ob-serve fusing of the beads to the surface which will also influence the opticalabsorption properties of the BNAs.Another interesting feature of large clusters of trapped particles is shownin Fig. 4.8 where the laser focus is positioned at a point near the cornerof the array, but the cluster of particles extends beyond the boundary ofthe array. It was shown in Fig. 4.6 that the system does not achieve thenecessary trapping conditions without illuminating the BNAs. However, thesystem is able to exert a force on particles at distances of several particlediameters to form a stable cluster of trapped particles.
4.4.3 Trapping Regimes
The behavior of the BNA-trapping system is quite different from that ofconventional optical tweezers. As such, we have taken a novel approachfor characterizing the BNA-trapping system in terms of defining trappingregimes, where each regime represents a characteristic behavior of the par-ticle in the system which is associated with a certain incident power. Fig-ure 4.9 shows a representation of the trapping regimes along with severalresults of the trapping efficiency (Q). The behavior of the particles in thissystem are hypothesized to be governed by three primary factors: Brownianmotion, thermally-induced convective flow, and optical forces.When there is very low power, the relative effect of optical forces is not
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enough to overcome Brownian motion which destabilizes the trap. This istermed the “no trapping” regime. At a moderate input power, the “singleparticle” regime is attained, and stable optical traps are achieved due to therelatively high optical forces compared with Brownian motion and convectiveflow. It is in this region where tests of the trap efficiency are performed, withmethods analogous for characterizing conventional optical traps.79 Here, alinear fit of the maximum trapping force versus the input power gives thetrap efficiency, which is calculated to be a maximum of Q = 0.150 for the 425nm x 425 nm array with horizontal polarization. This magnitude of Q canonly be achieved in the best conventional optical trapping systems usinghundreds of mW of input power and high-NA focusing.79Increasing the input power even further, leads to larger localized thermalgradients which induce larger convective flows. In this “multiple particles”regime, a stable trap can only be achieved when multiple particles enter thetrap such that their momentum is minimized upon collision. For single par-ticles at these input powers, trampolining occurs because the destabilizingactions of Brownian motion and convective flow are much higher relative tothe optical forces.While each of these regimes appear to be independent of each otheras a function of input power only, they are in fact closely related to thefundamental ability of the system to achieve a stable trap, which ultimatelyaffects the scalability of this system for trapping nano-scale particles. Fur-thermore, we believe that our particular choice of laser wavelength, particlesize, particle material, BNA geometry, and array spacing was unexpectedlywell-suited for these initial experiments. Each of the regimes are hypothe-
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sized to be governed by Brownian motion, convective flow, and the opticalforces, which are not easily isolated in this trapping system.In general terms, the optical force on the particle is determined by theinput power. If Brownian motion of a particle in solution is characterizedby the temperature of the environment and the size of the particle, thenthere exists a certain amount of optical force which can overcome Brownianmotion to trap the particle. Also, if the thermal gradient and associatedconvective flow is determined by the input power and field enhancement ofthe BNAs, then there also exists a certain amount of optical force whichcan overcome the flow to trap the particle. Since the input power defineseach of these three phenomena (Brownian motion, thermal gradient, opticalforce) for a given system, there exists a possibility that the input powerwhich provides adequate optical force to overcome Brownian motion doesnot provide enough optical force to also overcome the convective flow (andvice versa). In relation to the trapping regimes from Fig. 4.9, this meansthat the “no trapping” regime and the “trampolining” regime may becomeoverlapping, with no possibility for a stable optical trap. Furthermore, ourhypothesis of the trapping dynamics also implies that some systems maycontain a very small range of powers for which a stable single-particle trapmay be achieved.For this reason, our particular choice of laser wavelength, particle size,particle material, BNA geometry, and array spacing was unexpectedly well-suited for these initial experiments. If the incident wavelength was chosento be on resonance for the particular array spacing or BNA geometry, higherconvective flows may have been produced without an associated increase
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in trapping force. If the particle size was chosen to be smaller, the opticaltrapping forces may not have overcome Brownian motion.These are the types of considerations that should be taken into ac-count for designing future systems. The value of using the trapping regimesmethod for characterization comes from the ability to visualize the differenttrapping behaviors present in the system, rather than a binary model ofsuccess or failure. It also provides a fundamental groundwork for justifyingwhy certain systems may not successfully achieve a stable trap even whenlarge optical forces are present.
4.5 Summary
The use of arrays of gold BNAs for plasmonically enhanced optical trap-ping is a successful proof-of-concept advocating their use in future trappingsystems. Preliminary analysis from field enhancement simulations for thespecific system of BNAs in a solution of water showed that a blue-shift inresonance and increase in field enhancement occurs when a polystyrenebead is located 10-nm above the surface. Although the incident wave-length is not at the resonance peak for the arrays, stable optical trappingis achieved and full manipulation of single and clusters of 1-µm polystyrenebeads is demonstrated using low-NA objectives (NA = 0.25, 0.6) and lowincident power (<3 mW). Several new characteristic trapping behaviors arealso identified in relation to the fundamental parameters governing the sys-tem. In particular, the most common behavior of the particles resembled theaction of a trampoline, which we have termed “trampolining”. A new ap-proach for visualizing the unique behaviors of this system is developed by
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defining specific trapping “regimes” that represent the various trapping be-haviors. The results presented here provide the initial foundation for engi-neering plasmonically enhanced trapping systems for specific applications.
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Figure 4.7: Several of the unique behaviors exclusive to this plasmonically enhancedoptical trapping system. Clusters of multiple particles are trapped in (a). A schematic ofthe trampolining behavior is shown in (b). An SEM image of particles fused to the surfaceafter high-power illumination (< 35 mW ) is shown in (c). Bubble generation (dark spot)in the solution of beads after high-power illumination (∼ 35 mW ) is shown in (d).
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Figure 4.8: Image of trapped cluster of particles after 30 minutes of illumination. Thebeam is situated near the corner of the array however the cluster extends beyond theboundary of the array (indicated by white arrows).
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Figure 4.9: A schematic showing the trapping-regime based method for characteriz-ing the plasmonically enhanced optical trapping system. Conventional efficiencies (Q) oftrapped 1 µm polystyrene beads for resonant and nonresonant excitation for each of thearray spacings are tabulated to the left of a plot showing maximum force on the beads asa function of incident power. Each of the trapping regimes are highlighted in gray, andthe associated, relative magnitudes of Brownian motion, thermally-induced convective flow,and optical forces are indicated in the table below.
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Chapter 5
Conclusions
The work presented in this thesis addresses several important areas ofcurrent research related to the large near-field intensity enhancementsof arrays of coupled-plasmon resonant-nanoparticle pairs. Arrays of goldbowtie nano-antennas were used as a model system for the the experimen-tal characterization of the unique phenomena that arise from the near-fieldenhancements. Specifically, this work focuses on laser-induced damage,nonlinear optical emission, and near-field optical forces. Each of these phe-nomena provide a different piece of the nano-optics puzzle for controllablymanipulating light on a sub-wavelength scale.Because of the significant gap between theory and experiment for light-matter interaction at the nano-scale, research in this area is very active.However, one of the primary reasons for the absence of nano-antennas incurrent devices is their weak response due to their small size. The effortsto boost the response have come from two directions. One of these con-siders engineering the properties of the nano-antenna either by material,geometry, or arrangement to increase the field enhancement, which is typ-
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ically the optimized metric. The other seemingly simpler way to increasethe output is to increase the input.Chapter 2 discusses the various aspects of laser-induced damage forarrays of gold BNAs. The results of numerous damage tests indicated thatdamage is a function of both irradiation time and incident power. Severaldamage reduction measures were implemented, and included changes tothe adhesion layer material, beam-scanning pattern, and optimizing thelaser pulse width. Because of the disparity in theory and experiment in thisparticular field, the damage threshold was experimentally determined forthe arrays of gold BNAs.A popular idea for future applications of nano-antennas is frequency con-version by nonlinear processes. However, by using the incident polarizationand array spacing as experimental variables, the spectroscopic study of ar-rays of gold BNAs in Chapter 3 shows that field enhancement should not bethe sole metric for increasing or optimizing the nonlinear response. A powerdependence test confirmed the presence of second-harmonic generation andtwo-photon photoluminescence in the emitted spectrum, but also revealeda portion of the emission that cannot be attributed to a single multiphotonprocess.Another popular idea for future applications of nano-antennas is plas-monically enhanced optical trapping which is successfully demonstrated inChapter 4. A stable optical trap and manipulation of particles was demon-strated for low-NA objectives and low incident powers. Because of the largedifferences in trap behavior of the BNA-trapping system and conventionaloptical tweezers, a new method of characterizing the trap was developed.
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This method employs the use of defining trapping regimes which are basedon the unique behaviors of an unstable trap at various input powers.
5.1 Future Work
While the work presented here focuses on only a few key aspects of the ef-fects of near-field enhancement for a specific class of optical nano-antennas,our results can both be applied to future studies of similar systems and aidin investigations of more fundamental problems at the nano-scale. Further-more, the proof-of-concept for an optical trapping application asks morequestions than it answers. As we have shown in Chapter 4, it representsan entirely new type of trapping system that deserves to be characterizedfurther.In Chapter 1, the near-field enhancement in arrays of gold BNAs wereshown to not only be dependent on array periodicity and incident polar-ization, but also the antenna length and gap size. Nonlinear optical emis-sion studies investigating varying all four of these parameters, includingthe thickness of the nanostructures (not previously mentioned), can help inidentifying more precisely the role of the near-field enhancement on bothSHG and TPPL. In addition, by adding more degrees-of-freedom to thetuning of the field enhancement, the nonlinear optical emission may be bet-ter optimized. This has an important implication for frequency-conversionapplications such as solar cells and photonic switches.The intimate relationship between the nonlinear emission and the elec-tronic structure can be exploited to elucidate the complex nature of laser-induced damage. The identification of the governing parameters that affect
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optical absorption and nonlinear emission, and specifically, the role of thesesame parameters on the electronic structure would be invaluable to the sci-entific community because it is essentially a combination of numerous fun-damental problems at the nano-scale. One potential approach is the use ofthe nonlinear optical emission spectrum in addition to the well-establishedpump-probe method for investigating optical absorption and laser-inducedshape change.A stable optical trap produced by arrays of BNAs is a delicate balancebetween Brownian motion, thermal effects, and optical forces. The cru-cial relationship of the near-field enhancement and confinement with laser-induced heating should be investigated further to identify potential methodsof improving the trapping efficiency and widening the single-particle trap-ping regime. Future work may be aimed at minimizing heat generation byincreasing non-thermal pathways for the energy to dissipate. Some possi-bilities include introducing radiative pathways, decreasing electron-phononscattering, or using a heat sink. This could ultimately extend the trappableparticle size to true nanometer-scale dimensions.The plasmonically enhanced optical trapping system could also be usedfor assembling micro- or nano-structures with high precision. The clustersof multiple particles form a close-packed structure which has the potentialto be used in applications such as 3-D colloidal photonic crystals (PCs).Current techniques for these types of structures, known as synthetic opals,involve self-assembly of particles from an entire colloidal solution resultingin PCs that are on the order of millimeters. The trapping system basedon arrays of BNAs have shown to trap clusters of multiple particles on the
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order of tens of microns in Fig. 4.8.The bubble generation by the BNAs is an interesting effect that wasseen at a relatively low power of 35 mW from a continuous-wave laser. Ifthe bubble generation behavior can be properly characterized, the use ofthese bubbles for nano- or micro-scale fluidic valves or actuators can allowa variety of new applications in the NEMS/MEMS field. For example, if thetop cover slip of the trapping sample in Fig. 4.1 is instead replaced by somethin PDMS layer, bubble generation would cause expansion of the volumeresulting in an elastic deformation of the PDMS. The particular advantageof using an optically-actuated device is the relative fabrication simplicitybecause seals and channels for conventional actuation will not be required.
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Appendix A
A.1 DeepSEE Group Velocity Dispersion TableA.2 Power Dependence CalibrationA.3 Spacing Plate DimensionsA.4 LabVIEW DiagramsA.4.1 Stochastic ScanA.4.2 Spiral Scan
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Figure A.1: DeepSee motor position versus group velocity dispersion data from manu-facturer.
97
Figure A.2: Power dependence of fluorescent beads.
98
Figure A.3: Front panel of the stochastic scan VI.
99
Figure A.4: Block diagram of the stochastic scan VI.
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Figure A.5: Front panel of the spiral scan VI.
101
Figure A.6: Block diagram of the spiral scan VI.
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